Identification and characterisation of differentially regulated genes in preimplantation human embryonic development are required to improve embryo quality and pregnancy rates in IVF. In this study, we examined expression of a number of genes known to be critical for early development and compared expression profiles in individual preimplantation human embryos to establish any differences in gene expression in fresh compared to frozen-thawed embryos used routinely in IVF. We analysed expression of 19 genes by cDNA amplification followed by quantitative real-time PCR in a panel of 44 fresh and frozen-thawed human preimplantation embryos. Fresh embryos were obtained from surplus early cleavage stage embryos and frozen-thawed embryos from cryopreserved 2PN embryos. Our aim was to determine differences in gene expression between fresh and frozen-thawed human embryos, but we also identified differences in developmental expression patterns for particular genes. We show that overall gene expression among embryos of the same stage is highly variable and our results indicate that expression levels between groups did differ and differences in expression of individual genes was detected. Our results show that gene expression from frozen-thawed embryos is more consistent when compared with fresh, suggesting that cryopreserved embryos may represent a reliable source for studying the molecular events underpinning early human embryo development.
Introduction
The identification and characterisation of developmentally regulated genes in oocytes and early embryos are important to inform our understanding of the sequence of events leading to successful implantation and generation of the human foetus as well as the development of criteria to assess the competency of early embryos in assisted conception (Watson et al. 1999 , Cui & Kim 2007 .
The correct regulation of gene expression during preimplantation development is critical for normal development of the mammalian embryo (Hamatani et al. 2006 , Kimber et al. 2008 . Successful embryonic development requires a series of co-ordinated molecular and cellular events culminating in a blastocyst. Embryonic genome activation (EGA) was first thought to occur at the four-to eight-cell stage in the human (Braude et al. 1988) but Vassena et al. (2011) have shown that it can occur as early as the two-cell stage in the human and coincides with the rapid de-adenylation and subsequent degradation of the maternal transcripts (Telford et al. 1990 , Vassena et al. 2011 . Following this, compaction of the morula occurs establishing the first true cell-to-cell adhesion within the embryo (Kimber 1990) . Blastocyst formation takes place from day 5 and involves the first differentiation event in the embryo resulting in the generation of two distinct cell types: the trophectoderm (TE) and the inner cell mass (ICM) (Kimber 1990 . A range of transcription factors within these two cell types then trigger differentiation and activation of downstream molecular pathways.
The efficacy of classical IVF techniques is still impaired by poor implantation and pregnancy rates after embryo transfer (Gasca et al. 2007) . This is mainly due to a lack of reliable criteria for the selection of embryos with sufficient development potential. Several studies have provided evidence that levels of expression of some genes could be used as markers of embryo competence and capacity to sustain a successful pregnancy (Patrizio et al. 2007 , Hamel et al. 2008 . Indeed, defects in single genes are sufficient to cause implantation failure (Copp 1995) , suggesting that identification of single gene changes could be useful for embryo selection in IVF. However, due to difficulties in obtaining material, there are few comprehensive studies on gene expression.
The use of surplus cryopreserved human embryos in gene expression studies provides a source of embryos available for research. The application of embryo cryopreservation is a routine feature of nearly all clinical IVF programmes since its inception in the 1980's (Trounson & Mohr 1983) . Most IVF centres have careful guidelines meaning only good-quality embryos are selected for freezing, to give the best chance of implantation following thawing. In cases where patients no longer require the embryos for treatment and they would be discarded, these embryos are often donated to research.
Although embryo freezing has been shown to have little effect on cell surface antigen expression and distribution in murine embryos (Wood et al. 1992) , it is unclear whether it affects developmental gene expression. This may in turn be detrimental to embryo quality, blastocyst formation and/or implantation. Indeed, potential problems with aberrant gene expression in frozen-thawed embryos have been reported in human embryos (Tachataki et al. 2003) . On the other hand, recent clinical data show that babies born following embryo freezing are healthy and have higher birthweights than from fresh embryos (Wennerholm et al. 2009 , Vergouw et al. 2012 . Therefore, in this study, we set out to compare the expression profile of a number of key genes from the pronucleate (2PN) stage to the blastocyst in fresh and frozen-thawed individual preimplantation human embryos. The panel of genes chosen includes oocyte-specific markers, markers of pluripotency and differentiation, pro-and anti-apoptotic genes and stress markers. These were assessed by cDNA amplification followed by quantitative real-time quantitative PCR (qPCR). This analysis is of critical importance to human IVF, as freezing is offered by most clinics, as well as informing our understanding of human preimplantation development.
Results

Embryo culture
A total of 25 embryos frozen at the 2PN stage and 19 fresh embryos were used in the study. The frozen cohort obtained from cryopreserved 2PN embryos that were subsequently thawed were either lysed after a short recovery period or further cultured to the four-cell, eight-cell and blastocyst stages. The fresh embryos used in this study were selected for analysis on the basis of their morphological grade, which was matched to the grade of the corresponding frozen-thawed embryos as per Steer et al. (1992) . Embryos were assessed every 12 h and only those graded 3 or 4 for blastomere size, blastomere evenness and percentage of fragmentation were used in the study.
Developmental gene expression in embryos obtained from frozen-thawed zygotes and fresh human embryos Our aim was to determine overall differences in gene expression between fresh and frozen embryos by probing for expression of a panel of 19 genes. Given the nature of our amplification method (global amplification followed by gene-specific PCR), we do not class a gene to be expressed unless it is detected before 37 cycles with qPCR. Although lower level signal for some genes could be detected in certain samples, we have not recorded this as 'true expression' if the level fell outside of our inclusion criteria. b-ACTIN was expressed in all embryos, as this was the minimum inclusion criterion for the study; however, it showed variation in expression level when normalised to total polyA cDNA.
Figures 1, 2, 3 and 4 show the individual expression levels in fresh and frozen embryos for each gene. We first assessed genes associated with cell survival (BCL2L1 (BCLX), BCL2, BAX and TP53 (P53); Fig. 1 ), stress response, the formation of TE and the maintenance of the pluripotent stem cell compartment of the embryo (GAS5 and POU5F1 (also known as OCT3B/4), SOX2, NANOG, ZFP42 (REX1), CDX2 and EOMES; Figs 2 and 3), and finally genes involved in genome activation, transcription, translation initiation, germ cell and oocyte function (DAZL, EIF1AX, FIGLA, NLRP5 (MATER), ZAR1 (ZAR), ZSCAN1 and TSC2; Figs 3 and 4). Figure 5 shows the mean expression levels for individual genes in frozen and fresh embryos during preimplantation development. Of the 19 genes investigated in this study, BAX, GAS5, SOX2, NANOG, CDX2, EIF1AX, NLRP5, ZAR1, ZSCAN4 and TSC2 showed significant differences in mean levels of expression either during preimplantation development or between stagematched frozen and fresh embryos. These significant differences are summarised in Fig. 6 .
BAX expression was significantly upregulated between the four-cell and blastocyst stages of development (P!0.01) in the frozen embryo panel, and there was also a significant difference in mean expression when comparing frozen and fresh blastocysts (P!0.05). GAS5 was also significantly upregulated in the frozen embryo panel from the 2PN stage to the eight-cell and blastocyst stages (P!0.05), but the mean levels of GAS5 expression were comparable between frozen and fresh embryos at all stages of development.
SOX2 was upregulated in frozen embryos between the 2PN and eight-cell and 2PN and blastocyst stages 570 L Shaw, S F Sneddon and others (P!0.01), and there was also a significant difference in the mean expression between frozen and fresh blastocysts (P!0.05). A significant difference was observed in NANOG expression during development between 2PN and eight-cell, 2PN and blastocyst and four-cell and blastocyst in the frozen embryo panel, as well as between both the four-and eight-cell stages and blastocyst in the fresh cohort of embryos (P!0.01). When comparing the frozen and fresh embryos at the eight-cell stage, there was a significant difference in NANOG expression (P!0.01). In the frozen-thawed panel, CDX2 was significantly upregulated from the 2PN stage to the blastocyst stage (P!0.01). Expression of CDX2 was significantly higher in the fresh cohort at the four-and eight-cell stage compared with frozen-thawed embryos (P!0.01). EIF1AX expression was significantly upregulated from the 2PN to the eight-cell and blastocyst stages of development in the frozen panel (P!0.05), and there was a significant difference in expression at the eight-cell stage between frozen and fresh embryos (P!0.05).
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Gene expression in fresh and frozen human embryos the four-cell stage (P!0.05). ZSCAN4 was developmentally regulated in both frozen and fresh embryos. There was significant upregulation of ZSCAN4 between the fresh four-cell and eight-cell embryos (P!0.05) and mean expression levels peaked at the eight-cell stage in both the frozen and the fresh embryo panel. Expression levels declined between the eight-cell and blastocyst stages, but this finding was significant only in the frozen embryo panel (P!0.05). The mean expression level of TSC2 was significantly increased in the frozen embryo panel in which the highest expression was detected at the blastocyst stage. Expression of TSC2 was comparable at all stages of development in the fresh embryo panel but a significant increase was observed in the number of frozen blastocysts expressing TSC2 when compared with the four-cell stage. A significant difference was observed in TSC2 expression between the frozen and fresh blastocysts (P!0.05; Fig. 5 ).
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572 L Shaw, S F Sneddon and others eight-cell and blastocyst stages of development (Table 2 ). Significant differences were observed in the number of embryos expressing POU5F1, ZFP42, CDX2 and EOMES between the fresh and frozen-thawed panel when they reached the four-cell stage (P!0.05, P!0.05, P!0.001 and P!0.05 respectively). At the eight-cell stage, there was no significant difference in the number of embryos expressing any gene between fresh and frozen embryos apart from CDX2, which is absent from the frozen panel, yet expressed in all the fresh eight-cell embryos (P!0.01). There was a significant difference in the number of blastocysts expressing NLRP5 in the frozen panel relative to the number of blastocysts in the fresh panel (P!0.05). Overall, the frozen embryos expressed a higher number of genes per embryo than fresh (Table 3 ), but this finding was not significant.
Discussion
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Apoptosis-and stress-related genes
Apoptosis has been demonstrated in preimplantation embryos of many mammalian species including humans (Hardy 1999 , Meier et al. 2000 and is an important response to culture stress, with a possible role in the removal of damaged embryonic cells (Brison & Schultz 1997 , Hardy 1999 , Brison 2000 . The balance between expression of pro-apoptotic (e.g. BAX) and antiapoptotic (e.g. BCL2 and BCL2L1) genes may determine cell survival, including in human embryos (Metcalfe et al. 2004) . We previously detected expression of the anti-apoptotic gene BCL2 in 45/46 four-cell or later human embryos (Metcalfe et al. 2004) , but in only two of the fresh embryos and no frozen embryos examined here. Culture conditions can activate expression of Bcl2 family genes in mouse (Jurisicova et al. 1998 ) and human embryos (Wells et al. 2005) , and it is possible that in the culture conditions used in our study, induction was largely absent. In contrast, BCL2L1, an independent regulator of apoptosis, was expressed in all but four (frozen) embryos and may act to oppose the pro-apoptotic effect of BAX, the most abundantly expressed pro-apoptotic member of the BCL2 family in mammalian oocytes and early cleavage stage embryos. BAX expression in all but one frozen blastocyst and 5/8 fresh blastocysts agrees with our previous work (Metcalfe et al. 2004 ) demonstrating almost universal expression in preimplantation human embryos, including higher expression in blastocysts after freezing, although others have suggested that its expression in blastocysts correlates with poor morphology (Guillemin et al. 2009 ). In future, the ratio and subcellular localisation of BCL2 family member proteins should be examined, as this has been suggested as important for embryo competency (Perumalsamy et al. 2010 , Boumela et al. 2011 . TP53, a key inducer of cell cycle arrest and apoptosis, showed variable expression in both frozen and fresh embryos, suggesting that the freeze- On each bar chart, pairs of letters indicate significant differences between groups (P values as indicated on the graph). Mean levels of gene expression of BAX, SOX2, CDX2, EIF1AX, NLRP5, GAS5 and TSC2 showed significant changes in the frozen embryo panel throughout preimplantation development whereas NANOG and ZSCAN4 showed significant changes in expression in both the frozen and fresh embryo panel during preimplantation development. Within each of the stages of preimplantation development, significant differences in mean expression levels of BAX, SOX2, NANOG, CDX2, EIF1AX, ZAR1 and TSC2 were detected between frozen-thawed and fresh embryos.
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Reproduction (2012) 144 569-582 thaw process is not responsible for inducing stress when compared to the fresh embryo group. This is also reflected in the similar expression of GAS5 in frozen and fresh embryos. Expression of Gas5 and associated growth arrest genes increases significantly when exponentially multiplying cells are exposed to a variety of stresses including inadequate nutrition or removal of serum. Our data show a significant increase in GAS5 with development of embryos following freezing, with a similar pattern in fresh embryos, but no difference between fresh and frozen (summarised in Fig. 6 ). GAS5 could be activated as part of the embryonic developmental programme or in response to culture stress, but apparently not as a result of cryopreservation stress. BAX increased during development in both groups. As only one difference was seen between fresh and frozen embryos (increased BAX in frozen blastocysts; see Fig. 6 ), stress-related programmes appear to be either an inherent feature of embryonic development or related to culture stress, rather than cryopreservation.
Pluripotency-related genes
All frozen embryos expressed both POU5F1 and ZFP42, markers of pluripotency previously shown to be expressed throughout murine and human preimplantation development (Palmieri et al. 1994 , Hansis et al. 2000 , Pesce & Scholer 2001 . The majority of fresh embryos also expressed high levels of POU5F1 and ZFP42 (12/19 and 11/19 embryos respectively), but at the four-cell stage, the number of POU5F1-and ZFP42-expressing embryos was significantly higher for frozen than for fresh embryos. There was an increase in the expression of two other pluripotency-regulating genes, SOX2 and NANOG, during embryo development after freezing, a pattern consistent with Vassena et al. (2011) . A similar pattern was seen in fresh embryos, but with lower levels of expression at the eight-cell (SOX2 and NANOG) and blastocyst (SOX2) stages (summarised in Fig. 6 ). The homeodomain transcription factor NANOG maintains the pluripotent early epiblast and prevents differentiation to primitive endoderm (Chambers et al. 2003 Figure 6 Expression of developmentally regulated genes (grey boxes) in embryos obtained from frozen-thawed zygotes. The expression pattern in each gene group is indicated by the entire box, with significant differences for mean levels of expression of each gene in fresh embryos indicated with a gene name and a black arrows at the appropriate stage. Downward arrows indicate reduced expression in fresh embryos; upward arrows for CDX2 indicate increased expression of this gene in fresh embryos. For simplicity, only genes that show significant differences in mean expression levels during different stages of development and/or between the frozen and fresh embryo cohorts have been included. GAS5 and BAX were significantly upregulated during development of frozen-thawed embryos, with a similar pattern seen in fresh counterparts; however, there was a significant difference in mean expression of BAX between frozen and fresh blastocysts. NANOG and SOX2 showed significant differences in expression during development of the embryos after freezing and a significant difference in mean expression between frozen and fresh embryos at the eight-cell and blastocyst stages respectively. CDX2 was significantly upregulated during development of the frozen embryo cohort but consistently expressed at all stages of development in the fresh embryo panel; thus, significant differences were observed in mean levels of CDX2 expression between the frozen and fresh embryos at the four-cell and eight-cell stages of development. ZAR1, NLRP5 and ZSCAN4 were developmentally regulated in the frozen embryo cohort and there was a significant difference in mean ZAR1 expression between fresh and frozen embryos at the four-cell stage. EIF1AX and TSC2 increased during the development of the frozen embryo cohort and significant differences in mean expression levels between the two embryo cohorts were observed at the eight-cell stage and blastocyst stage respectively.
eight-cell stage. It has been shown in murine embryos that cells of the ICM do not develop synchronously (Fleming 1987) , which could be one explanation for the observed heterogeneity of SOX2 expression in human embryos. In any case, the consistent expression of POU5F1, SOX2, NANOG and ZFP42 in the frozen blastocysts suggests the emergence of a healthy ICM population in these embryos. Transcription profiling by Guo et al. (2010) indicated little difference in the expression of 48 genes between individual murine blastomeres from six to ten embryos up to the eightcell stage: virtually, all eight-cell stage blastomeres were shown to express a number of lineage-specific genes including Nanog, Gata6 and Pou5f1.
Genes associated with TE specification
Cdx2 is essential for murine trophoblast development (Strumpf et al. 2005) . The pattern of CDX2 expression in embryos after freezing was consistent with its role in trophoblast, with transcripts only seen at the blastocyst stage with the formation of TE as shown previously (Kimber et al. 2008) . Surprisingly, CDX2 was consistently expressed at all stages by fresh embryos (summarised in Fig. 6 ), which could be a consequence of a lack of degradation of maternal CDX2, although any role of maternal CDX2 has still to be elucidated, or premature TE gene activation. Other work has shown early and variable expression of Cdx2 in blastomeres of murine eight-cell to morula stages and not all cleaving murine blastomeres that express Cdx2 go on to form TE (Ralston & Rossant 2008 , Guo et al. 2010 . In contrast, EOMES, a downstream target of CDX2 in TE (and important in early endoderm/mesoderm differentiation), was expressed in significantly more frozen embryos than fresh at the four-cell stage, but in some embryos at each stage in both populations, which is in agreement with the variable expression seen in Kimber et al. (2008) . However, this is surprising in light of the absence of CDX2 in the early embryos of the frozen cohort.
Maternal effect genes
A low level of maternally expressed transcripts was identified by Zhang et al. (2009) in preimplantation embryos, who proposed early embryos to be 'self-sufficient' before implantation. However, this cannot account for the expression of the maternal gene TSC2 in more embryos in the frozen group from four-cell onward, as there is little expression in 2PNs. NLRP5 and ZAR1, in contrast, are maternally expressed genes detected in all embryos at all stages of development following freezing, which, along with the expression of EIF1AX, may reflect the inability of the frozen embryos to cease maternal transcription in a timely fashion, although at least half of fresh cleavage stage (NLRP5 and ZAR1) and blastocysts (ZAR1) do express these genes. NLRP5 forms part of the subcortical mitotic complex and is required for passage through cleavage divisions in mouse development ) and may play a role in RNA processing and cell metabolism (Sena et al. 2009 ), which could account for the expression we see at later stages. DAZL has been suggested to be expressed throughout human embryo development from maternal transcripts (Cauffman et al. 2005) ; however, only a proportion of both our sets of embryos contained transcripts, perhaps consistent with the suggestion that DAZL transcripts are a marker of good-quality embryos (Cauffman et al. 2005) .
Of the seven maternal effect/early genes studied, four (EIF1AX, NLRP5, ZSCAN4 and TSC2) showed significant developmental regulation in embryos following freezing. ZSCAN4 showed a similar increase in fresh embryos, but EIF1AX, ZAR1 and TSC2 showed significantly lower levels of mean expression in fresh compared with frozen embryos at various stages of development (summarised in Fig. 6 ).
Previous studies have reported that freezing protocols may affect gene expression in embryos of several species (Goto et al. 2002 , Chandrakanthan et al. 2007 ), which in turn may result in poor-quality embryos. However, topgrade individual frozen-thawed human embryos have also been reported to have highly variable gene expression (Kimber et al. 2008) . Embryos from our frozen-thawed panel showed relatively consistent gene expression throughout, and importantly, sibling embryos from our frozen embryo panel resulted in pregnancy. Although the fresh embryos were morphologically matched to those embryos thawed and cultured from the 2PN stage, fewer of the fresh embryos came from pregnant cycles, and we note that morphology is not necessarily linked to embryo developmental competence. Improved methods of identifying viable embryos for IVF are needed, and indeed the current use of morphology alone in most centres may contribute to the low success rate in assisted conception.
Is gene expression different in frozen-thawed embryos?
Our results show more consistent gene expression in embryos at various stages following freezing. It is unknown whether this is due to the selection pressure of the freeze-thaw process causing aberrant ability to regulate certain developmental genes, or whether the embryos that survived were of better quality from the outset thus exhibiting greater ability for transcription. However, the latter is consistent with the data showing better perinatal outcomes and higher birth weights in babies born from frozen embryos (Belva et al. 2008 , Wennerholm et al. 2009 , Vergouw et al. 2012 . Assisted reproductive technologies still have lower than desired success rates and this investigation supports the premise that patients will benefit from continued close examination of embryo quality, allowing only replacement of the best embryos, coupled with embryo cryopreservation. We further propose that cryopreserved embryos are a reliable source for studying embryo development and will help in development of new methods of identifying the best embryos for transfer. This latter is particularly important with the move to SET programmes to ensure high pregnancy success rates.
Materials and Methods
Embryos
Human embryos were donated to research after patient consent, with approval of the Central Manchester Research Ethics Committee and the Human Fertilisation and Embryology Authority (research licence R0026). Basal characteristics of the patients donating embryos are as detailed in Roberts et al. (2010) . Frozen 2PN stage embryos, displaying two clear pronuclei (PN), which were surplus to IVF requirements and fresh embryos surplus to IVF requirement were obtained from Saint Mary's Hospital and Manchester Fertility Services Manchester. All fresh embryos were surplus to infertility treatment but were of equivalent morphological quality and developmental timing and carefully matched to the embryos obtained from frozen-thawed zygotes, according to standard clinical grading systems used at St Mary's Hospital (Steer et al. 1992) . Blastocysts were graded using the Gardner and Schoolcraft method (Gardner & Schoolcraft 1999) . All the frozen embryos, three of the fresh four-cell embryos and two of the fresh blastocysts, came from treatment cycles in which sibling embryos had given rise to live births. Two PN embryos were frozen using the Embryo Freezing Pack (Medicult UK Ltd., Surrey, UK), which is a propylene glycol-and sucrose-based system following the manufacturer's instructions. In brief, embryos were placed in vial 1 for 5 min at room temperature, transferred to vial 2 for 10 min at room temperature followed by 15 min in vial 3, also at room temperature, loaded into Cryostraws and stored in liquid nitrogen until time of thawing. Frozen embryos were thawed using the Embryo Thawing Pack (Medicult UK Ltd.), following the manufacturer's instructions. In brief, embryos were removed from liquid nitrogen and left at room temperature for 30 s before being placed into water at 30 8C. After opening the straw, the contents were placed in vial 1 for 5 min at room temperature, transferred to vial 2 for 5 min at room temperature followed by 10 min in vial 3, also at room temperature. Embryos were then placed in medium from vial 4, washed in G1 media (Vitrolife, Gö teborg, Sweden) and replaced into the incubator for recovery and culture before lysis. Twenty-five thawed 2PN embryos were assessed to be have survived the freeze-thaw process (w50% survival rate), with no obvious damage to the zona pellucida. Five of the thawed 2PN embryos were then allowed a short recovery period of 3 h before lysis and qPCR. The remaining thawed embryos were then cultured to the four-cell, eight-cell and blastocyst stage (nZ8, 5 and 7 respectively) before lysis and qPCR was performed. Nineteen stage and morphologically matched fresh embryos donated to research were collected at the two-to four-cell stage on day 2 of development and further cultured until the required stage was reached (four-cell nZ6, eight-cell nZ5 and blastocyst nZ7) before lysis and qPCR was performed. Fresh 2PN embryos were not available to the project as these were always used for patient treatment.
Early cleavage stage embryos were cultured to the eight-cell stage in 50 ml G1 media (Vitrolife) overlaid in liquid paraffin (Vitrolife) at 37 8C in 5% CO 2 in air. Fresh and frozen embryos from the eight-cell stage to the blastocyst stage were cultured in 50 ml drops of G2 media (Vitrolife).
Embryo lysis, RT and global amplification (PolyAPCR)
PolyAPCR was performed to amplify mRNA, as described by Brady & Iscove (1993) . This procedure amplifies all polyadenylated RNA in a given sample. The cDNA collection thus produced preserves the relative abundance of the mRNAs present in the original sample. Oocytes and embryos were lysed and reverse transcribed as described previously (Brady & Iscove 1993 , Bloor et al. 2002 , Kimber et al. 2008 . PCR amplification of the polyAcDNA product was performed using two linked sets of 25 cycles. The first 25 cycles were denaturation at 94 8C for 1 min, primer annealing at 42 8C for 2 min and extension at 72 8C for 6 min, and the second 25 cycles were denaturation at 94 8C for 1 min, primer annealing at 42 8C for 2 min and extension at 72 8C for 1 min. PolyAcDNA was then subjected to a second round of amplification as described previously (Bloor et al. 2002) but with modification to cycling parameters. Briefly, 1 ml polyAcDNA template was added to a final reaction volume of 50 ml containing 10 mmol/l Tris-HCl, pH 8.3, 1.5 mmol/l MgCl 2 , 50 mmol/l KCl, 0.2 mmol/l dNTPs, 2 mmol/l NotIdT 24 primer and 0.025 IU/ml Taq polymerase (Roche). Amplification parameters consisted of 25 cycles of denaturation at 95 8C for 15 s, annealing at 42 8C for 30 s and extension at 72 8C for 1 min. Given the nature of our amplification method (global amplification followed by genespecific PCR), we do not class a gene to be expressed unless it is detected before 37 cycles with real-time PCR. Although low-level signal for some genes could be detected in certain samples, we have not recorded this as 'true expression' if this level falls outside of our inclusion criteria.
Normalisation of polyAcDNA samples for real-time qPCR
Expression of b-ACTIN served as the inclusion criteria for all samples; those that did not express b-ACTIN were omitted from the study as per our standard protocols (Bloor et al. 2002 , Kimber et al. 2008 . Normalisation of the double-stranded polyAcDNA samples was performed using the PicoGreen Assay according to the manufacturer's instructions (Invitrogen). Table 2 A comparison of the number of individual embryos expressing cell fate genes in frozen-thawed and fresh four-cell, eight-cell and blastocyst samples. Significant differences were detected in the number of embryos expressing OCT3B/4, ZFP42, CDX2 and EOMES at the four-cell stage. At the eight-cell stage, CDX2 was absent from all frozen-thawed eight-cell embryos but was detected in all fresh eight-cell embryos. A significantly higher proportion of frozen-thawed embryos at the blastocyst stage expressed NLRP5 when compared to their fresh counterparts. The PicoGreen assay is a sensitive assay for the detection of double-stranded DNA in solution and it has been validated as an appropriate method to correct for variability in cDNA between samples for real-time qPCR analysis (Whelan et al. 2003) . Our experience shows that the use of housekeeping genes to normalise qPCR data is inappropriate for this type of embryo study as reference genes such as b-ACTIN demonstrated variability in expression levels. The expression of target genes (Table 1) was assessed by qPCR using Power SYBR Green Master Mix (Applied Biosystems, Paisley, UK) according to the manufacturer's instructions. Each 25 ml reaction contained 6.25 ng polyAcDNA template and the cycling was performed in an ABI 7300 real-time PCR system (Applied Biosystems) under the following parameters: 95 8C for 10 min followed by 40 cycles at 95 8C for 30 s, 60 8C for 30 s and 72 8C for 35 s. A final extension at 72 8C for 10 min preceded melt curve analysis (identification of a single peak) at the end of the sequence. Reactions for each individual sample were performed in triplicate. DC t was calculated as 40-C t value.
Sequencing analysis
Amplified PCR products were sequenced by the Sequencing Facility at the University of Manchester. Products were sequenced in the reverse direction using an ABI Prism 377 sequencer (Applied Biosystems). Data were analysed using Chromas Software version 1.45 (Technelysium Pty Ltd., South Brisbane, Queensland, Australia) and the data for each sequence was copied into the National Centre for Biotechnology Information BLAST database (http://www.ncbi. nih.gov/BLAST). A search for matching sequences confirmed the authenticity of the amplified products.
Statistical analysis
The mean DCt values for each sample triplicate was calculated and imported into GraphPad Prism version 3.0 Software (Hearne Scientific Software, Victoria, Australia) and analysed using the Kruskal-Wallis one-way ANOVA by rank test, a nonparametric method used where the data do not assume a normal distribution. To determine statistical difference between individual groups, the Dunn's multiple comparison test was applied. The Fisher's exact probability test was used to determine any significant differences between the number of individual embryos expressing a particular gene in stagematched frozen and thawed samples (Tables 2 and 3 ). Table 3 Average number of genes expressed at the four-cell, eight-cell and blastocyst stages in frozen-thawed and fresh embryos. Overall, the frozen embryo panel expressed a higher number of genes on average but the difference was not significant.
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